Telomeres and telomerase play important roles in the occurrence and development of hypertension. This review was performed to clarify the factors that influence telomere length and telomerase activity in older patients and elucidate the association of these factors with hypertension. A PubMed search and critical review of studies assessing the risk factors underlying the association of hypertension with telomere length and telomerase activity was performed. Telomere length and telomerase activity were found to be associated with hypertension. The factors that influence telomere length and telomerase activity in older patients with hypertension include genetics, demographics, social and environmental factors, chronic disease, psychological factors, and antihypertensive drug treatment. A better understanding of the molecular mechanisms underlying the association of hypertension with telomere length and telomerase activity may help to reduce the incidence of hypertension.
Introduction
Telomeres are chromosomal structures at the ends of linear chromosomes that maintain genomic stability by protecting DNA sequence loss, blocking end-to-end fusion, and distinguishing the linear ends of chromosomes from DNA breaks. 1 In mammals, telomeres are formed from a highly conserved, hexameric tandem repeat DNA sequence (TTAGGG). The telomere length shortens with each cell division, and telomere attrition is related to the replicative capacity in vitro and the aging process in vivo. 2 Hence, the telomere length is widely considered a marker of biological aging. Telomerase is an RNA-dependent DNA polymerase, and telomere biosynthesis is dependent on telomerase. 3 Hypertension, the major factor leading to mortality, is a chronic disease with a high incidence in older adults. 4 Hypertension affects 30% of adults and is an important risk factor for cardiovascular and cerebrovascular diseases, peripheral vascular disease, and chronic kidney disease, and it may have a negative impact on the quality of life of older adults to some extent. Uncontrolled hypertension leads to serious cardiovascular events. Current knowledge indicates that age-dependent telomere dysfunction may be involved in the pathogenesis of hypertension. 5, 6 Both telomere length and telomerase activity have been consistently associated with hypertension in previous research. 5 The telomere length decreases with increasing age in humans. 7 Telomere shortening is associated with inflammation, exposure to telomere inhibitory factors, and other types of damage. Replication stress due to severe DNA damage or structural obstacles is the main cause of telomere shortening; however, weakened oxidative stress repair mechanisms and an impaired DNA damage response are also associated with telomere shortening. 8 Many studies have shown no difference in telomere length between males and females. 9 However, at least one study has identified significantly longer telomeres in women than men. 9 Because telomerase is activated mainly in cancer cells, limited studies have focused on its activity in the setting of normal leukocytes.
In our previous review, we reported that telomeres and telomerase activity have played an important role in the occurrence and development of hypertension in both animal and human studies. 10 Short leukocyte telomere length (LTL) and low telomerase activity are associated with plaque instability, leading to senescent cell accumulation and finally contributing to heart failure. 11 Another study of patients with hypertension showed that a higher apnea-hypopnea index in polysomnographic examinations was associated with lower telomerase activity. 12 However, one study showed that telomerase activator 65, a compound with lifespan-extending abilities, improved key markers of cardiovascular disease risk (plasma lipids and inflammatory cytokines). 13 In the present study, we reviewed factors that influence telomere length and telomerase activity in the white blood cells of older adults and evaluated their association with hypertension.
Telomeres and telomerase

Telomere length
Telomeres. Telomeres are genetic structures that play an important role in disease and mortality. Telomere length is a marker of cellular aging and senescence and is measured in leukocytes. Telomere shortening is generally caused by DNA replication and cell division and is therefore associated with tissue renewal. With the development of emerging telomere measurement methods and genome-wide genotyping platforms, telomere molecular epidemiology has emerged as a new field for studying the role of telomere biology in humans. 14 Shorter LTLs have been found in patients with cardiovascular disease than in normal controls. 15, 16 Telomere length and oxidative stress. Telomeres are maintained by two main independent mechanisms: a telomerase-dependent mechanism involving de novo synthesis of telomeric DNA by telomerase and a telomerase-independent mechanism termed alternative lengthening of telomeres, which involves homologous recombinationmediated DNA replication. 17 Oxidative stress and chronic inflammation might explain the underlying biology of the association between telomere length and hypertension ( Figure 1 ). Oxidative stress is correlated with accelerated telomere shortening and dysfunction. Telomeres induce telomere loss and dysfunction because of their high sensitivity to DNA damage. However, the process by which oxidative lesions impact telomere maintenance, cellular function, and the organism's health and aging remain unknown. 18 Telomerase Telomerase is expressed in approximately 90% of cancer cells and tumor tissues. 19 Telomerase is an enzyme responsible for the synthesis of telomeres. During genome replication, telomerase adds repeats to the ends of chromosomes to balance the loss of telomeric DNA. As a ribonucleoprotein, telomerase is composed of both RNA and proteins and consists of two molecules each of telomerase reverse transcriptase (TERT), telomere RNA, and dyskerin. 20 TERT limits telomerase activity and telomere elongation. However, telomerase activity, which serves as a proliferation marker, is not detectable in most somatic cells with the exception of embryonic tissues, stem cells, and reproductive organs 21 ; this suggests that telomerase-based therapeutic approaches with an emphasis on the role of telomerase in cancer stem cell biology have a promising future. However, some stem cells weakly express telomerase to delay telomere shortening.
Factors associated with telomere length in older adults with hypertension
Genetic factors
Numerous genome-wide association studies have identified variants in telomere biology genes as being associated with diseases. For example, SNPs in the TERT-CLPTM1L locus on chromosome 5p15.33 are associated with cancer, 22 but these variants do not specifically encode deleterious coding alleles in TERT. 23 The identification of TREX1 has provided an important screening and treatment target. 24 Another study indicated that telomeres undergo rapid elongation followed by an acute breakdown, finally leading to chromosomal instability after disrupting CTC1. 25 Cells were unable to replicate efficiently after knockout of POLD3, another gene responsible for genomic stability. 26 Telomere fusion results in massive rearrangements of genes on chromosomes as well as localized hypermutations. 27 Animal models of hypertension have shown that differences in telomere lengths between BPH/2J and BPN/3J mice occur after the development of hypertension and do not cause hypertension in BPH/2J mice. 28 However, NAF1 genetic variation has been shown to be associated with both longer telomeres and a higher risk of atherosclerotic cardiovascular disease. 29, 30 Non-genetic factors Demographic factors. Telomeres shorten with age, with the LTL declining from 11 kbp at birth to less than 4 kbp in older adults 31 ; hence, telomere shortening is frequently used to indicate cellular senescence. 32 One study showed that LTL was positively associated with diastolic blood pressure in patients with hypertension but negatively associated with systolic blood pressure and pulse pressure in the same patient groups. 33 In the women of that study, changes in the LTL were an indicator of obesity-related complications. 33 Telomeres are longer in women because of higher estrogen levels, which increase telomerase activity and exert antioxidant effects. 31 The inverse association between LTL and age exclusively in women supports the previously reported decline in the attrition rate in men with increasing age; this indicates potential sex dimorphism in LTL regulation and implicates the potential for sex-adjusted health-preventive therapies. 34 Social and environmental factors. There is a growing understanding of the association between multiple social and environmental factors and telomere length. 31 Smoking, body mass index, reduced exercise, and multiple vascular risk factors are negatively associated with LTL. 35, 36 These same risk factors are also closely associated with the development of chronic diseases such as hypertension, coronary heart disease, stroke, and diabetes. A study of twins revealed that spare time and the level of sports participation are related to telomere length in peripheral white blood cells. 37 The level of physical activity was positively associated with telomere length, and this association was still significant after adjustment for age, sex, body mass index, smoking, and social, and economic status. Regular physical activity has also been associated with decreased levels of oxidative stress and inflammation. 36 This suggests that a sedentary lifestyle can negatively affect telomere length and accelerate the aging process. Obesity and smoking are important risk factors for age-related diseases 35 because they increase the level of oxidative stress and inflammation and hasten telomere shortening. Telomere length in individuals with obesity is shorter than that in controls of normal weight. 38 Tobacco consumption is the main environmental modifying factor and is associated with telomere length and frailty in older adults. 39 Obesity, smoking, and aging act in concert to accelerate telomere loss.
Chronic diseases. Age-related LTL shortening is augmented by the cumulative burden of oxidative stress and inflammation that follow replicative stress. 40 The main agerelated cardiovascular dysfunctions, namely coronary atherosclerosis, arterial stiffness, carotid intima-media thickness, and clinical cardiovascular events such as myocardial infarction and stroke, are all associated with LTL shortening. [41] [42] [43] The Framingham Heart Study has identified an association between hypertension and reduced LTL. 43 This association was enhanced in the presence of insulin resistance, which is also associated with hypertension. 44 Individuals with reduced LTL have a higher incidence of cardiovascular events associated with atherosclerotic lesions and atherosclerosis. 45 Shorter LTL has been reported in hypertensive men with coronary plaques than in hypertensive men free of plaques. 41 The multivariate analysis revealed that in addition to age, the telomere length is an important predictor of coronary artery plaque formation. These studies indicate that the major risk factor for atherosclerosis is hypertension and that leukocyte telomere shortening is associated with an increased occurrence of coronary atherosclerosis. Moreover, telomere dysfunction and cardiovascular risk factors influence telomerase activity and telomere length and contribute to atherosclerosis. 46 Telomere dysfunction can induce cardiac hypertrophic disorders and contribute to heart failure. Furthermore, LTL is positively correlated with the left ventricular mass and wall thickness, especially in patients with hypertension. These data suggest that increased LTL may be a marker of left ventricular hypertrophy. 47 The association between LTL and left ventricular mass also provides a biological rationale for using LTL to estimate the myocardial cell size and replication potential. 48 Arteriosclerosis, left ventricular hypertrophy, and diastolic filling occur in aging patients regardless of whether they are normotensive or hypertensive. The effect of environmental factors on the rate of telomere shortening plays an important role in regulating telomere length in adults. 46 Oxidative stress can promote the progression of left ventricular hypertrophy to heart failure and accelerate telomere attrition. 49 Psychological factors. Telomere maintenance is also determined by life stressors and lifestyle, highlighting the causal and potentiating roles of telomere attrition in human diseases. 50 Social psychological factors can also influence telomere length. LTL is associated with socioeconomic status and life pressures. Furthermore, a low socioeconomic status is associated with reduced life expectancy. 51 An analysis that excluded factors such as income, smoking, weight, and exercise, all of which accelerate aging, revealed that telomere length was significantly shorter in economically disadvantaged people than in wealthy individuals. This reduction in telomere length was equivalent to 7 years of aging. People living in poorer economic situations may experience increased mental stress, which promotes increased biological damage and accelerates the natural aging process. People experiencing high levels of psychological stress possess telomeres that are much shorter than equivalent individuals experiencing lower stress levels. Moreover, oxidative stress is considerably higher in these individuals. Psychological stress is significantly associated with higher oxidative stress, lower telomerase activity, and shorter telomere lengths. 52 A recent study indicated that socioeconomic factors also influence telomere length as shown by the association of lower neighborhood socioeconomic status and lower individual-level socioeconomic status with shorter telomere lengths. 53 Therefore, long-term stress can lead to increased oxidative stress, reduced telomerase activity, and telomere shortening in the peripheral blood mononuclear cells.
Other factors. Recent studies have shown that the availability of B and D vitamins and the concentrations of serum folate and homocysteine are correlated with the LTL. [54] [55] [56] Telomere length is positively correlated with the levels of high-density lipoprotein, albumin, creatinine, and hemoglobin and the red blood cell count and negatively correlated with immunoglobulin levels. 57 Furthermore, in women, although no relationship between age and LTL has been reported, the serum vitamin D level is associated with the LTL, 58 while accumulating evidence links the vitamin D level and the hypertension risk. 59 Effect of antihypertensive drug therapy on telomere length in older adults with hypertension Most studies evaluating the association between hypertension and telomere function have been limited to basic research. Information on telomere length and telomerase activity, particularly in patients with senile hypertension receiving clinical drug treatment, is relatively scant. One study showed higher telomerase activity in the lymphocytes of patients with untreated hypertension than in patients taking regular medication for hypertension, suggesting that regular antihypertensive treatment may reduce telomerase activity. 60 Studies have consistently shown that lymphocyte telomerase activity in patients with hypertension significantly decreases following treatment with felodipine and benazepril. 61 These findings demonstrate the beneficial effects of early antihypertensive treatment. However, the two above-mentioned studies evaluated the telomerase activity in lymphocytes, not leukocytes. Therefore, large-cohort clinical studies in patients with hypertension are required to assess whether telomerase activity can be used to monitor the onset, development, prognosis, and treatment of hypertension-associated disease.
Conclusion
Telomeres and telomerase are associated with hypertension. The factors underlying the association of hypertension with telomere length and telomerase activity include genetic factors and important non-genetic determinants such as demographics; social, environmental, and psychological factors; chronic diseases, and antihypertensive drug therapy. However, most studies are associative, and the cause of hypertension via telomere shortening as well as the underlying mechanisms by which this occurs remain unclear. One study showed that the telomere length attrition rate may be a more sensitive indicator of the health status, including the development of chronic disease, than the baseline telomere length, 33 indicating the need for further research on the dynamic changes in telomere length. However, a recent study showed that a short telomere length, but not the telomere attrition rate, was associated with carotid atherosclerosis during the 9.5-year followup period, suggesting that the heightened telomere attrition during adult life might not explain the short telomeres. 62 Methodological considerations that may affect data interpretation should also be highlighted. Although oxidative stress and chronic inflammation might explain the pathogenic mechanisms underlying the association between telomere length and risk factors such as obesity, atherosclerosis, and coronary heart disease (Figure 1 ), no direct evidence is available to date. Targeting telomeres could provide a novel therapeutic strategy, as indicated by a recent review reporting on the advent of the clustered regularly interspaced short palindromic repeats (CRISPR)-associated system, which has led to the performance of a wide array of targeted genetic studies to modify telomeres and telomerase and the genes that affect them. 27 However, telomerase-targeted therapies may be associated with a risk of malignancy because overexpression of telomerase promotes cancer cell formation and growth. 63, 64 Therefore, basic research, longitudinal studies, and well-designed clinical trials are imperative to expand our understanding of the molecular mechanisms underlying the association of hypertension with telomere length and telomerase activity. This could help to reduce the incidence of hypertension and assist in preventing hypertensive complications, further improving the quality of life of patients with hypertension.
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